The aim of this study was to determine the sensitivity of retinal areas involved in a localized retinal nerve fiber layer (RNFL) defect and to assess correlations between microperimetry and the standard full threshold central 30 deg visual field test. Twenty-five patients with focal RNFL defects, evaluate,d by means of Argon-blue scanning laser ophthalmoscopy (SLO), underwent an automated 30 deg central visual field examination and a microperimetry with SLO. Microperimetry was performed according to standard procedures (infrared laser for fundus imaging; HeNe laser for 10 candles/m 2 background illumination, fixation aid and generation of stimuli; manual fundus tzacking). The size of stimuli was Goldmann III with 0.1 sec duration. In eyes with focal RNFL defects a deep microperimetric scotoma of at least 5 dB was found in 12 cases and a mild scotoma (1-4 dB) in 13 cases. These scotomas were mainly located throughout the whole defect or grouped in the temporal or nasal sides of the defect and were characterized by sharp and welldefined borders. With automated perimetry, a scotoma, defined by a single point depression of at least 10 dB or a depression of at least 5 dB in two or more contiguous points corresponding to the RNFL defect, was found in only 14 out of 25 eyes with microperimetric defect. Focal RNFL defects correspond to l~,'alized areas of depressed retinal sensitivity as evaluated by microperimetry. The close correspondence between structural and microperimetric findings suggests that, in hypertensive eyes also, localized RNFL defects correspond to visual dysfunction possibly associated with substantial atrophy of ganglion cells.
INTRODUCTION
Retinal nerve fiber layer (RNFL) examination enables detection of focal or diffuse atrophy of ganglionar fibers, which may precede the onset of visual field damage as evaluated using standard procedures (Sommer, Miller, Pollack, Maumenee, & George, 1977; Quigley, Miller, & George, 1980; Airaksinen, Drance, Douglas, Mawson, & Nieminen, 1984; Sommer, Quigley, Robin, Miller, Katz, & Arkell, 1984; Quigley, 1986; Sommer, Katz, Quigley, Miller, Robin, Richter, & Witt, 1991; Tuulonen & Airaksinen, 1991; Jonas & Konigsreuther, 1994; Miglior, Rossetti, Brigatti, Bujtar, & Orzalesi, 1994b) . It is probable that conventional visual field tests can detect abnormalities only after a substantial number of nerve fibers have been definitely lost. Tuulonen, Lethola, & Airaksinen (1993) have recently documented the presence of a depression in retinal sensitivity corresponding to localized retinal areas within focal RNFL defects only when using Humphrey',; 8 and 10 deg full threshold *To whom all correspondence should be addressed at: Clinica Oculistica, Ospedale S. Paolo, via di Rudini' 8, 20142 Milan, Italy [Tel/Fax: +39-2-8139221] . Department of Ophthalmology, University of Milan, Institute of Biomedical Sciences, S. PaDlo Hospital, Milan, Italy.
central strategies, with 1 deg resolution. Their results clearly indicate that eyes believed to be normal on the basis of a 30 deg central visual field test may be found to have visual field abnormalities when more accurate strategies are used to evaluate retinal areas with clinically detectable focal RNFL defects. The important issue raised by these studies is that a normal visual field does not necessarily indicate the absence of a glaucomatous abnormality.
The introduction of retinal microperimetry, which makes it possible to carry out a visual field examination with direct visualization of the fundus (Timberlake, Mainster, Webb, Hughes, & Trempe, 1982; Webb, Hughes, & Delori, 1987; Woon, Fitzke, Chester, Greenwood, & Marshall, 1990; Stuermer, Schroedel, & Rappl, 1990 Van de Velde, Jalkh, & Eisner, 1991; Remky, Beausencourt, & Eisner, 1996) , may offer new opportunities for investigating retinal sensitivity within RNFL defects, given that the examination may be focused on the area of interest, while being visualized on the monitor.
The aim of this study was to evaluate retinal sensitivity within RNFL defects, study the pattern of functional damage, and compare the results of microperimetry with those of conventional automated perimetry. As diffuse RNFL defects are not suitable for addressing this issue 763 764 N. ORZALESI et al. (because the depression in retinal sensitivity may be spread out all over the fundus), only localized defects were used for study purposes.
SUBJECTS AND METHODS
The study included 25 eyes of 25 consecutive patients with a localized wedge (25) RNFL defect, as defined by dynamic scanning laser ophthalmoscopy (Miglior et al., 1994b) , taken from the series of 102 patients who were referred to the Glaucoma Service of our Department of Ophthalmology during a time span of 3 months. Ten patients were clinically diagnosed as having primary open angle glaucoma (POAG) on the basis of the routinely accepted visual field and optic disc findings, 15 as having ocular hypertension (OHT, defined as IOP>21 mmHg without either morphological or functional changes). The mean age of the patients (+SD) was 59 + 10 years (range 30-73 years). All patients had an IOP < 22 mm Hg under therapeutical regimen. Visual acuity was 20/20 in all cases, refractive error ranged between -4 and +3 D (median +0.5 D).
The RNFL defect was localized above the horizontal meridian in 11 eyes and below it in 14 eyes. The study subjects were examined using the standard microperimerry program of the Scanning Laser Ophthalmoscope 101 (SLO, Rodenstock, Ottobrunn, Germany) and, within 15 days, underwent a full-threshold 30 deg visual field examination using the DS-30 II program of the Perikon automated perimeter (Optikon, Rome, Italy), whose maximum luminance is 3180 cd/m 2.
Microperimetry
The general devices and procedures of microperimetry have been exhaustively described elsewere (Stuermer et al., 1990; Stuermer et al., 1991; Van de Velde et al., 1991) ; we briefly report only the main procedures followed in the present study. Microperimetry was performed using a view field of 40 deg. A HeNe laser (633 nm) was used for the generation of stimuli, background illumination (10 cd/m 2) and fixation aid, whereas an infrared diode laser (780 nm) was used for permanent fundus imaging. The software of the system makes it possible to change the form, size, intensity (between 3180 and ~ 1 cd/m2), and to place it at any desired point in the scanning field. For our study purposes, we used a dot-like form with a 20 × 26 arcmin, compensating for different pixel size in horizontal and vertical directions, due to uneven format of the display which approximates Goldmann size III, and the generally adopted duration of 0.1 sec.
Microperimetry was performed with a medium mydriasis of approx. 5 mm in order to maintain a constant imaging and illumination of the fundus. Since infrared imaging is not suitable for visualizing RNFL defects, a 40 deg reference Argon-blue hard copy of the same fundus, which gives the best definition of the defects (Miglior et al., 1994b) , was used to identify the borders of the RNFL defects on the infrared video image. The position of the fixation cross in the field was moved in order to include all of the retinal area involved in the RNFL defect in the SLO field (which means the area temporal to the fovea). The optic disc was, therefore, always positioned in the upper comers of the screen when the focal defects were in the lower retinal regions and in the lower comers when the defects were localized in the upper retinal regions. While performing microperimetry, the examiner could observe the fundus and assess fixation in real time. The patients were asked to fixate on the fixation cross and signal when the test stimulus was seen. The examination was first performed on the optic disc in order to obtain an accurate assessment of the borders of the corresponding absolute scotoma. Furthermore, the image of the absolute scotoma superimposed over that of the optic disc on the video was of great help in maintaining the correct and stable correspondence of the many frozen images which contribute towards the construction of the final microperimetric plot. Following a standard "static" strategy, manual fundus tracking was used to estimate the sensitivity threshold of the normal retina peripherally and centrally bordering the defect (Fig. 1) . In manual tracking, the frame was frozen at stimulus presentation, and a landmark was then marked. In this way, changes in fixation were corrected by defining, every time, the location of the landmark, and correcting stimulus location to this for the final registration. This estimate was obtained by means of repeated presentations of the stimulus at intervals as regular as possible, using different intensities, possibly in the same location (bracketing strategy) in analogy with conventional threshold strategies. Thereafter, the evaluation of sensitivity was conducted inside the area of the RNFL defect and along its borders, on both the central and peripheral sides. The same procedure was followed to examine the normal retinal area of the same eye, which was symmetrical to the area with the defect. The criteria for identifying retinal sensitivity depression were based on the assump- Table 1 for grading criteria of visual field abnormality); MP++, depression of retinal sensitivity _>5 dB at microperimetry; MP+, depression of retinal sensitivity (1-4 dB) at microperimetry.
as a field location where the stimulus with the maximum luminance (3180 cd/m 2 with both devices) could not be detected. The analysis of proportions was tested by means of the Chi-square and Fisher's exact test.
tion that the retinal areas closer to the macula cannot be less sensitive than tho,;e located more peripherally (according to a specific physiological gradient along meridians), as is well known in conventional perimetry and has also been observed using microperimetry (Stuermer et al., 1991) .
Computerized perimetry
The DS 30-II program of the Perikon system is based on the assessment of the full threshold at 76 points in the central 30 deg area, and is analogous to the 30-2 program of the Humphrey system and the 32 program of the Octopus perimeter (Zingirian, Gandolfo, Capris, & Mattioli, 1991a,b) . The threshold value at every test point is estimated using the standard double-threshold crossing (bracketing) method. Stimulus luminance is varied in a stepwise manner (4 dB steps) until the patient's response changes. The procedure then continues in the opposite direction (2 dB steps) until a second change in response is obtained. The estimation of actual threshold was the median between the "seen" and "not seen" values. The starting level for each measurement is determined by the previeusly tested neighboring points. Every threshold value that differs by more than 4 dB from that expected according to the values of the neighboring points is thresholded again. The following parameters were used in all cases: stimulus size III (Goldmann target), stimulus duration 200 msec, background luminance 31.5 asb. Visual field was evaluated with a pupil = 3 mm, providing the patient with his best near vision correction, arLd avoiding the potential source of test artifacts from the edge of the lens. All subjects underwent a series of ~hree visual field examinations (over a time interval of no more than 30 days) before entering the study, in order to better estimate the "learning effect". All eyes included in the study had false positive or false negative rates of less than 16%.
The graded criteria for visual field abnormalities are reported in Table 1 (Capdoli, 1990).
For both methods, an "absolute scotoma" was defined
RESULTS
Each microperimetric test was performed using approx. 80-120 stimulus locations, for an average duration of 20 min for each examination; fixation was directly controlled on the video. Any frozen frame acquired with a different fixation was rejected at the time of acquisition.
Microperimetry revealed retinal sensitivity depression within the area of the RNFL defects in all patients. At least two different patterns emerged from our study: (1) a deep depression ( _> 5 dB) of retinal sensitivity (five eyes with absolute and five eyes with relative defects) throughout the whole area of the RNFL defect or only on the temporal side with respect to the macula, characterized by sharp and well-defined borders on both the macular and peripheral sides [ Fig. 2(a, b) ]. (2) A mild depression (1-4 dB) of retinal sensitivity, characterized by groups of points localized throughout the whole area of the RNFL defect (five eyes) or only on the nasal side (eight eyes, range of grouped points: 14-38) with respect to the macula [ Fig. 3(a,b) ]. In all patients, the microperimetry of the retinal area of the same eye which was mirror-symmetrical (with respect to the horizontal meridian) to the area with the defect, showed no depression of sensitivity.
The automated visual field (average duration 14 rain for each eye) was normal in 11 cases [ Fig. 3(c) ], and abnormal in areas corresponding to the RNFL defects in 14 [loose in three cases, moderate in one case and strict in ten cases; Fig. 3(b) ]. There was a close correlation between a deep sensitivity depression (12 eyes) at microperimetry and a strictly abnormal visual field (10 eyes), as well as between a mild depression at microperimetry (13 eyes) and a normal visual field (10 eyes) (Table 2) (Chi-square for trend = 16.16, P < 0.005).
DISCUSSION
Clinically detectable RNFL atrophy is very frequent in glaucomatous eyes, common in eyes with ocular Plain azure letters represent "seen" points, block red letters "not seen" points. The letters indicate retinal sensitivity of the tested retinal points referred to the scale on the left of the picture (dB). In this eye, the borders of the defect (thin arrows) are sharply outlined by a decrease in sensitivity greater than 10 dB (letter "A" in the defect vs letter "L" in the retina surrounding the defect). Note that retinal sensitivity in the retina surrounding the defect of this patient is lower than the sensitivity observed in the patient in Fig. 3 owing to the presence of a nuclear sclerosis of the lens and the older age. The stimuli of maximal luminance presented in the macular area are initial presentations of easily visible stimuli for the patient, which may be presented in order to explain how to perform the test. The stimuli of submaximal luminance presented in the disc area are sometimes necessary to better reposition the whole microperimetric plot on the fundus image during the course of the investigation (in this case the submaximal luminance stimulus is maintained in order to avoid loss of time). 
;:
• " "": """ " " "~ f i "t . .-'" %. Microperimetric plot of the same RNFL defect (thin arrows) showing a mild depression of retinal sensitivity mostly grouped superiorly and temporally with respect to the fovea. Azure letters represent "seen" points, red letters, "not seen" points. In this eye, the RNFL defect is characterized by a decrease in sensitivity of 2 dB (letter W is seen out of the defect and letter U is not seen in some areas within the defect). The stimuli of maximal luminance presented in the macular area are initial presentations of easily visible stimuli for the patient, which may be presented in order to explain how to perform the test. The stimuli of submaximal luminance presented in the disc area are sometimes necessary to better reposition the whole microperimetric plot on the fundus image during the course of the investigation (in this case the submaximal luminance stimulus is maintained in order to avoid loss of time). (c) Plot of Perikon automated perimetry, 30 II program, of the same eye. The word "destro" stands for RE. hypertension (Airaksinen et al., 1984; Sommer et al., 1984; Quigley, 1986; O'Connor, Zeyen, & Caprioli, 1993; Jonas & Konigsreuther, 1994; Wang, Quigley, & Tielsch, 1994; Miglior et al., 1994b; Miglior, Bujtar, Brigatti, Lonati, Rossetti, Pierrottet, & Orzalesi, 1994a) , and rarely seen in eyes with normal pressure (Airaksinen et al., 1984; Sommer et al., 1984; Jonas & Konigsreuther, 1994; Wang et al., 1994) . From a strictly physiological point of view, it is difficult to imagine that the death of a number of ganglion cells is not accompanied by a corresponding functional defect, as ganglion cells and fibers are the obligate carriers of visual signals. Therefore, the observation that RNFL defects may precede the onset of glaucomatous visual field defects (Sommer et al., 1991; Quigley, Katz, Derick, Gilbert, & Sommer, 1992; Quigley, Enger, Katz, Sommer, Scott, & Gilbert, 1994) or optic disc changes (Tuulonen & Airaksinen, 1991) , assessed by means of conventional clinical examinations, may be explained in terms of the lack of sensitivity of the methods used (Tuulonen et al., 1993; Miglior et al., 1994a) . It has recently been reported that localized RNFL defects may correspond to a depression of retinal sensitivity that can be evaluated by means of Humphrey's 8 and 10 deg full threshold central strategy with 1 deg resolution (Tuulonen et al., 1993) . These results are in agreement with the observations of Stuermer et al. (1991) , who showed a decrease in retinal sensitivity using SLO microperimetry in correspondence with a RNFL defect.
Our results indicate that, in all the eyes tested, a localized RNFL defect corresponded to a localized area of depressed retinal sensitivity. Moreover, in all eyes with a completely normal standard visual field (defined according to strict criteria) and a RNFL defect, microperimetry made it possible to detect a visual dysfunction exclusively localized into the retinal area involved in the defect. In eyes with a well-defined visual field defect (measured with conventional automated perimetry), the microperimetric depression was at least 5 dB, whereas, in eyes with a normal visual field, the microperimetric depression within the atrophic retinal area was less than 5 dB except in one case (Table 2 ). In the cases with a mild depression of retinal sensitivity, the scotomas were characterized by groups of many points with lower sensitivity. Whether a defect of 1 dB truly has a clinical significance remains an open question. A more thorough evaluation of normal controls would be needed to determine if this outcome is truly outside what we would deem to be normal results. However, the presence of a large group of points showing a 1 dB depression of sensitivity with respect to both the normal retinal area surrounding the RNFL defect, and the normal retinal area of the same fundus mirror-symmetrical to the defect, strongly suggests that such "mild depression" may be considered abnormal.
These results seem to be in agreement with the previous observation of Quigley, Addicks, & Green (1982) that clinically detectable localized RNFL defects actually correspond to the atrophy of ganglion fibers.
When the atrophy is severe, it leads to deep microperimetric or typical glaucomatous visual field changes; when it is mild, it may be undetected by the conventional visual field criteria of abnormality (as it may occur in hypertensive eyes) (Airaksinen et al., 1984; Sommer et al., 1984; Quigley, 1986; Jonas & Konigsreuther, 1994; Miglior et al., 1994b; Tuulonen et al., 1993; O'Connor et al., 1993; Wang et al., 1994; Miglior et al., 1994a) .
As far as visual field examinations are concerned, the present study confirms that conventional strategies may be unable to detect some RNFL defects, even when loose criteria of visual field abnormality are used. This may be due to the fact that such defects consist of a very small degree of RNF atrophy and/or that there is an intrinsic lack of sensitivity in these examination strategies (Miglior et al., 1994a) , probably as a consequence of the insufficient resolution of the most commonly used grids (Tuulonen et al., 1993) . Conventional static perimetry, of course, may detect also a mild depression of retinal sensitivity (< 5 dB) in the corresponding area of a localized RNFL defect. However, in this case the visual field result is hardly interpretable due to the well known physiological fluctuations and the relatively small number of points with lower sensitivity corresponding to the RNFL defect, which may be detected by the common grids.
The current criteria for defining glaucoma are mainly based on the presence of conventional visual field test abnormalities. As microperimetry also makes it possible to detect functional changes in hypertensive eyes with RNFL localized defects but completely normal static visual field, a refinement in the strategies of clinical visual field examination is needed in order to detect this early visual dysfunction. The development of new threshold strategies with a higher grid resolution, aimed at testing the sensitivity of the retinal regions usually involved in localized RNF defects (supero-and inferotemporal to the optic disc and the macula) may improve the ability of visual field examinations to detect subtle localized RNFL changes in eyes with ocular hypertension.
SLO microperimetry is a new examination technique which makes it possible to test retinal sensitivity while directly evaluating the eye fundus (Timberlake et al., 1982; Webb et al., 1987; Woon et al., 1990; Stuermer et al., 1990; Stuermer et al., 1991; Van de Velde et al., 1991) , but its clinical suitability in glaucoma is at present greatly limited for a number of reasons. First of all, it is performed using a red light, a test condition which has not yet been as exhaustively validated as a conventional visual field examination. It may be useful only in the case of early localized RNFL defects, but it does not add anything to conventional perimetry in the case of diffuse defects. The manual tracking allows a sort of static strategy, which does not give any information concerning reliability or the rates of false positives and negatives. Moreover, the lack of fluctuation estimates may hamper interpretation of the test results. It is only recently that dedicated software programs have been developed to perform automatic static strategies (Rohrschneider, Fendrich, Becker, Krastel, Kruse, & Volcker, 1995) which may overcome such problems; however, the limitations inherent in the relative "blindness" of grid strategy in conventional sl:atic perimetry still hold good also for the automatic microperimetric programs. The instrument allows for it limited field examination (40 deg) and needs to be turned on at least 30 min before the examination in order to stabilize the background and stimulus luminance (Eisner A., personal communication) .
Given the limitations of the technique, the results of this study have to be interlz,reted cautiously. However, the close correlation of microperimetric and visual field findings with structural RNFL defects in well-established glaucoma is a direct i~dicator of the reliability of microperimetric evaluation. Therefore, the same correspondence between structural and microperimetric findings observed in hypertensive eyes suggests that localized RNFL defects also in these eyes correspond to initial visual dysfunction, as a possible consequence of the substantial atrophy of ganglionar fibers. In many of these cases, the functional defect shown with microperimetry and with improved static strategies (Tuulonen et al., 1993) would have been missed using a routine clinical method.
